Retrohoming: cDNA-Mediated Mobility of Group II Introns Requires a Catalytic RNA  by Curcio, M.Joan & Belfort, Marlene
Cell, Vol. 84, 9±12, January 12, 1996, Copyright 1996 by Cell Press
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Molecular Genetics Program the cDNAs and the coconversion bias might be ex-
Wadsworth Center plained by the precursor RNA being the template for the
New York State Department of Health reverse transcriptase±driven homing reaction (Moran et
and School of Public Health al., 1995), there still existed a conundrum: if the cDNA
State University of New York at Albany is derived from pre-mRNA, then what might be the role
Albany, New York 12201-2002 of the spliced intron? Could it be a mediator of, rather
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The groups of A. Lambowitz and P. Perlman have
Last year was a vintage year for mobile group II introns. jointly answered these questions in a tour de force that
In 1995 we moved from phenomenology to mechanistic reflects the marriage of clever genetics and rigorous
insight, from enigmatic observations to a coherent ap- biochemistry. In studies of the mobile aI2 intron of the
preciation of process. The finding that nucleated our mitochondrial COX1 gene of the yeast Saccharomyces
understanding of the group II intron mobility event was cerevisiae, the two research groups systematically char-
the appearance of an extraordinary double-strand break acterized the different activities of the intron-encoded
in the target DNA: a break that provides an initiation site
for reverse transcriptase, which mediates group II intron
mobility; a break in which the excised intron RNA is
covalently attached to one of the DNA ends; a break
that is made by the protein and RNA products of the
intron itself, with the RNA believed to be the catalyst
responsible for one of the DNA strand cleavages. In this
minireview, we piece together the puzzle by describing
the formation of this remarkable double-strand break,
its role in group II intron mobility, and the evolutionary
implications of the process.
Group II introns arecatalytic RNAs that, like spliceoso-
mal introns, splice via a lariat intermediate (reviewed by
Michel and Ferat, 1995) (Figure 1). The nuclear pre-
mRNA introns are thought to be descended from the
group II introns, which are found in both pro-and eukary-
otes. The functional domains of the self-splicing group
II introns are suspected to have evolved to act in trans
under the guise of the snRNAs. The mobile group II
introns arealso phylogenetically linked to retroelements,
which may provide clues as to how the group II introns
have become disseminated. The mobility of group II in-
trons therefore engenders great evolutionary and mech-
anistic interest.
Group II Intron HomingÐMorass to Model
Against this backdrop of fascination with these elements
was an array of perplexing findings related to movement
Figure 1. Retrohoming Pathway for the Group II aI2 Intronof group II introns from one genome to another. First,
The intron donor DNA serves as template for transcription to gener-their mobility, which involves efficient homing into cog-
ate the RNA precursor (pre-mRNA). The three functions of the pre-nate intronless alleles, requires a splicing-proficient in-
mRNA are as template for translation of the aI2 protein (1), substrate
tron (Lazowska et al.,1994; Moran et al., 1995). In striking for splicing to generate the intron lariat (2), and template for cDNA
contrast, the group I introns, which are also self-splicing, synthesis (3). The aI2 protein contains three functional domains for
mobility: RT, reverse transcriptase; M, maturase; E, endonuclease.home by a strictly DNA-based process, in a simple gene
Involvement of a domain in a particular process is depicted as white-conversion event targeted to a double-strand break in
on-black lettering. A RNP complex (stippled background) compris-the recipient (Belfort, 1993; Belfort and Perlman, 1995).
ing the aI2 protein and the intron lariat generates the cleaved recipi-
Second, the intron-encoded reverse transcriptase activ- ent, with the lariat attached to the nonpriming strand (NS). cDNA
ity that is required for group II intron homing generates synthesis initiates at the 39-OH of the priming strand (PS) and ex-
cDNA copies of the pre-mRNA but no full-length copies tends through intron sequences into the upstream exon to generate
the retrohoming intermediate. The steps involved in second-strandof the excised intron (Kennell et al., 1993). Third, cocon-
synthesis and the mechanism of the gene conversion event thatversion of flanking exon sequences is associated with
results in acquisition of the intron in the product DNA remain to begroup II intron homing and, curiously, is far more exten-
described (dashed arrow). Black dots on the mRNA and recipient
sive upstream of the intron than downstream (Lazowska DNA represent the exon junctions. Half arrowheads at the ends
et al., 1994; Moran et al., 1995). Again by contrast, co- of molecules represent 39 termini; horizontal arrowheads on the
recipient depict cleavage sites.conversion associated with group I intron homing can
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protein and the spliced intron. The resulting data sug-
gested an intricate but credible model for group II intron
homing (Moran et al., 1995; Zimmerly et al., 1995a,
1995b). We term this process retrohoming, because
movement of the intron from a donor allele to a corre-
sponding intronless recipient allele (homing) occurs
through a reverse-transcribed copy of the donor pre-
mRNA.
The retrohoming pathway is summarized in Figure 1.
The intron donor COX1 gene is transcribed into pre-
mRNA, which serves three distinct functions: the pre-
mRNA acts as template for synthesis of the aI2 protein,
as precursor of the excised intron, and as template for
cDNA synthesis (1, 2, and 3, respectively, in Figure 1).
In turn, the aI2 protein contributes three activities to
the process: the maturase for splicing and possibly for
stabilizing the structure of the spliced intron, the endo-
nuclease for cleaving the recipient DNA, and the reverse
transcriptase for copying the pre-mRNA into cDNA (Fig-
ure 1). Maturase-mediated RNA-catalyzed splicing of
the aI2 intron from the pre-mRNA releases the aI2 intron
lariat, which subsequently participates in cleaving the
recipient DNA. An aI2 ribonucleoprotein (RNP) complex Figure 2. Intermediate Steps in Target-Primed Reverse Tran-
scriptionformed between the intron lariat and the aI2 protein
(A) Retrohoming of a group II intron. Conventions and labeling arecarries out endonucleolytic cleavage of the recipient,
as in Figure 1. (Step 1) Cleavage of the nonpriming strand occursan intronless allele of the COX1 gene. In sequential
first by RNA-mediated reverse splicing. The maturase domain (M)cleavages to be described below, a double-strand break
of the protein is likely to be required to stabilize the excised intronis formed with the intron covalently joined to the cleaved
RNA, whereas the endonuclease domain (E) is needed to give speci-
recipient. Then, cDNA synthesis proceeds from the ficity to the RNA for double-stranded DNA. (Step 2) Cleavage of the
39-OH of the priming strand of the cleaved recipient on priming strand by the endonuclease domain of the aI2 protein results
the unspliced COX1 pre-mRNA template, to form the in formation of a double-strand break. (Step 3) cDNA synthesis
proceeds from the cleaved recipient. RT, reverse transcriptase.retrohoming intermediate. In events that remain to be
(B) Retrotransposition of a non-LTR element. (Step 1) Endonuclease-defined, nonpriming strand synthesis and repair gener-
mediated cleavage of the priming strand. (Step 2) cDNA synthesis.ate the retrohoming product. (We have chosen the terms
(Step 3) Cleavage of the second strand to generate the double-priming and nonpriming because of their functional con-
strand break, occurring only in the presence of an RNA cofactor.
notation in cDNA synthesis.)
This model clearly resolves the aforementioned co-
nundrums. The process justifies a role for a splicing-
In an elegant analysis of mutant phenotypes, it was
proficient intron in endonucleolytic cleavage, while it
determined that the aI2 RNA and protein componentsrationalizes the function of the pre-mRNA as template
act synergistically to effect sequential cleavage of thefor cDNA synthesis. Furthermore, the pathway explains
recipient DNA (Figure 2A). In the first cleavage, the ex-the asymmetric coconversion of flanking markers. Lim-
cised intron is required directly for generating a nick inited coconversion of the downstream exon is defined
thenonpriming strandprecisely at the junction of the twoby the priming event at or close to the nick on thepriming
exons. In a stunning result, this RNA-mediated cleavagestrand. In contrast, cDNA synthesis into the upstream
was shown to occur by a partial reverse-splicing reac-exon can be extensive, resulting in variable and often
tion in which the aI2 intron lariat is covalently attached tolengthy coconversion tracts.
the 59 end of the nicked nonpriming strand. The resultingDetails of the Retrohoming Pathway
structure is exactly that of a splicing intermediate thatDefinition of the mechanistic steps was achieved by
has undergone a single transesterification reaction, ex-incubating mitochondrial RNP particles, prepared from
cept that the exon sequences are DNA in the retrohom-strains that support intron mobility, with recipient DNA
ing reaction. Furthermore, the protein was inferred tosubstrates and then isolating retrohoming intermediates
assist in the RNA-mediated reaction in two ways, with(Zimmerly et al., 1995a, 1995b). Using mutant donor al-
the maturase domain stabilizing the intron for reverseleles, the roles of the three aforementioned aI2 protein
splicing and the endonuclease domain imparting speci-domains and the spliced aI2 intron were defined. As
ficity to the intron for double-stranded DNA. This cleav-predicted from genetic observations, the reverse tran-
age of the nonpriming strand is a prerequisite for thescriptase, maturase, and endonuclease domains have
second cleavage, which is catalyzed by the endonucle-distinct functions. A mutation in the reverse tran-
ase domain of the protein on the priming strand, 10 ntscriptase domain abolished cDNA synthesis, but sup-
downstream of the exon junction. In accordance withported accurate cleavage of the recipient DNA. In con-
this model are aI2 protein mutants defective in endonu-trast, mutations in the endonuclease and maturase
clease-mediated cleavage of the priming strand, butdomains of the protein and in a conserved RNA struc-
competent in RNA-mediated cleavage of thenonprimingtural domain of the aI2 intron blocked both cleavage
and cDNA synthesis. strand. Only when cleavage of both strands is complete
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is cDNA synthesis initiated from the 39-OH of the priming Although the endonucleases that mediate target site
strand (Zimmerly et al., 1995a, 1995b). cleavage in retrotransposition and retrohoming both
The specificity of aI2 intron reverse splicing, precisely have protein and RNA components, there are differ-
at the exon junction in the DNA, presumably reflects an ences in the two processes (Figure 2). First, the RNA
interaction of the intron with exon sequences. Pairing component is assumed to be a cofactor in retrotranspo-
of the exon-binding sites (EBSs) in the intron with the sition, in contrast with being a catalyst in retrohoming.
intron-binding sites (IBSs) in the upstream exon dictates Second, the requirement for nonpriming-strand cleav-
splice junction specificity in group II intron splicing (Mi- age by the RNA to precede aI2 cDNA synthesis differs
chel and Ferat, 1995). Likewise, Zimmerly et al. (1995b) from R2Bm target-primed reverse transcription, which
showed that IBS sequences are required, suggesting is initiated from a nick on the priming strand, before
that interaction of the IBS1 in the DNA with the EBS1 nonpriming-strand cleavage (Luan et al., 1993) (Figure
of the intron RNA is necessary for reverse-splicing into 2B). Therefore, the RNA component of the R2Bm endo-
a DNA substrate. This interaction provides specificity to nuclease cannot be a determinant of target site specific-
the cleavage and subsequent integration event. ity, in contrast with the RNA component of the aI2 endo-
Although formal proof has not yet been obtained, it nuclease, which is essential for recognition of the splice
would be heretical to suggest anything other than that junction in the retrohoming target DNA. Despite these
the aI2 intron is the catalyst for nonpriming-strandcleav- differences, the evolutionary relatedness of these ele-
age. The requirement for a catalytically active intron, ments is undeniable, begging the question of which
the use of the splice junction as the site of cleavage, came first, retrohoming or retrotransposition.
and the covalent attachment of an intron lariat all argue The Distant Past of Mobile Group II Introns
in favor of RNA catalysis. Furthermore, evidence in sup- Not only are group II introns related to non-LTR retro-
port of RNA-catalyzed DNA cleavage comes from stud- transposons, but they are themselves capable of dupli-
ies of the group II bI1 intron of the yeast mitochondrial cative transposition into nonallelic targets at low fre-
COB gene. Here the naked intron has been demon- quency (Mueller et al., 1993; Sellem et al., 1993).
strated to cleave single-stranded but not double- Interestingly, group II intron transposition differs from
stranded DNA via partial reverse splicing under non- most retrotransposition events in that no target site du-
physiological conditions (MoÈ rl et al., 1992). These results plications or deletions are generated. Coconversion of
are in agreement with the genetic evidence of Zimmerly flanking exon sequences, characteristic of retrohoming,
et al. (1995b) suggesting that reverse splicing of aI2 into is also not observed.These authors proposed that group
double-stranded DNA, but not into RNA, under relatively II intron transposition was mediated by reverse splicing
mild conditions, requires the assistance of the aI2 pro- into nonallelic RNA, followed by cDNA synthesis. The
tein. This remarkable protein-assisted, RNA-catalyzed demonstration that excised group II introns can inte-
reaction provides a biologically relevant example of a grate directly into double-stranded DNA suggests DNA
catalytic RNA acting on a DNA substrate. as an alternative target for reverse splicing-mediated
Retrohoming and Retrotransposition transposition (Zimmerly et al., 1995b). Thus, group II
There are striking parallels between retrohoming and introns, the putative precursors of spliceosomal introns,
retrotransposition of non±long terminal repeat (LTR) ele- may have spread rapidly in eukaryotic genomes, as any
ments, as exemplified by R2Bm, the site-specific retro- suitable IBS-like sequence could potentially be used
transposon of Bombyx mori (Luan et al., 1993) (Figure as a target for reverse splicing±mediated transposition.
2). First, both processes involve sequence-specific in- Because the event is duplicative and intron insertions
sertion of a cDNA at a double-strand break in the target. are splicing proficient and therefore phenotypically si-
Indeed, extension of a target DNA strand from a 39-OH
lent, mobile group II introns might be considered highly
group that is generated by a nick, referred to as target-
evolved selfish DNA retroelements.
primed reverse transcription, was described for the
The location of the reverse transcriptase coding se-
R2Bm reverse transcriptase (Luan et al., 1993). This
quence in only a small subset of group II introns and inmechanism has been widely hypothesized to account
an RNA domain that is not required for splicing has beenfor cDNA synthesis of other non-LTR retrotransposons,
interpreted as evidence that this sequence was acquiredincluding cin4 of Zea mays, the I factor in Drosophila,
well after evolution of the self-splicing group II intron.and L1 in mammals. Second, the RNA requirement of
Evolutionarily successful acquisition of the reverse tran-the aI2 endonuclease is reminiscent of the endonucle-
scriptase coding sequence may have occurred onlyase that mediates site-specific retrotransposition of the
once, since all group II reverse transcriptases are highlyR2Bm element. In this case, also, an RNA component
conserved and are found in the same RNA domain ofis required to cleave the nonpriming strand but not the
the intron. It is possible that a primitive retroelementpriming strand (Figure 2B). Third, the unidirectional co-
became associated with a group II intron by integratingconversion characteristic of retrohoming is equivalent
into the intron or by a reverse transcriptase±mediatedto the precise 39 end formation and variable 59 end trun-
template±switch. The resulting retroelement±introncation that characterizes integration of the R2Bm ele-
hybrid transcript could have promoted interaction ofment and other non-LTR retrotransposons. Finally, phy-
the reverse transcriptase protein with intron RNA se-logenetic analysis has placed the reverse transcriptase
quences. This association would then have evolved intodomain of group II intron proteins in the non-LTR family
a mutually beneficial interdependence. On the one hand,of retroelements, which includes bacterial retrons, fun-
the reverse transcriptase and associated endonucleasegal mitochondrial retroplasmids, and eukaryotic LINE
retroelements (Eickbush, 1994). provided thegroup II intronwith a mechanism of mobility
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and might later have evolved maturase function to facili- mechanistically distinct reactions are carried out in sep-
arate active sites: splicing of the aI2 intron from thetate both splicing and mobility. On the other hand, asso-
pre-mRNA and reverse splicing into the target DNA,ciation of the reverse transcriptase with a splicing ele-
endonucleolytic cleavage of the target DNA, and reversement would minimize damage to the genome, on
transcription of the pre-mRNA. A common feature ofaccount of intron excision at the RNA level. Because of
these RNP-mediated reactions is the involvement ofits specificity for IBS-like sequences in DNA, the group II
intermediates generated in preceding reactions. Thereverse-splicing reaction, when coupled to the cleavage
spliced intron lariat catalyzes nonpriming-strand cleav-that generates a primer for cDNA synthesis, anchors the
age of the target DNA. Nonpriming-strand cleavage isreverse transcriptase to a suitable site for insertion into
a prerequisite to priming-strand cleavage. The resultingthe genome, imparting evolutionary stability to the re-
double-strand break must be generated for cDNA syn-verse transcriptase.
thesis to be initiated. How does this multicomponent,In contrast, it seems plausible that group II introns
multifunctional complex perform these integrated reac-did not evolve splicing activity independently of their
tions in an orderly fashion to mediate the highly specificassociation with reverse transcriptase. The work of Zim-
and efficient process of retrohoming? Can we anticipatemerly et al. (1995a, 1995b) has provided strong evidence
the emergence of the retrohomosome?for functional and structural coevolution of the group II
intron and its encoded protein. Both the intron and pro-
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One of the most striking features of group II intron
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